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S-Adenosylmethionine (AdoMet) is the methyl donor 
of numerous methylation reactions. The current model 
is that an increased concentration of AdoMet stimulates 
DNA methyltransferase reactions, triggering hyper- 
methylation and protecting the genome against global 
hypomethylation, a hallmark of cancer. Using an assay 
of active demethylation in HEK 293 cells, we show that 
AdoMet inhibits active demethylation and expression of 
an ectopically methylated CMV-GFP (green fluorescent 
protein) plasmid in a dose-dependent manner. The inhi- 
bition of GFP expression is specific to methylated GFP; 
AdoMet does not inhibit an identical but unmethylated 
CMV-GFP plasmid. S-Adenosylhomocysteine (AdoHcy), 
the product of methyltransferase reactions utilizing 
AdoMet does not inhibit demethylation or expression of 
CMV-GFP. In vitro, AdoMet but not AdoHcy inhibits 
methylated DNA-binding protein 2/DNA demethylase as 
well as endogenous demethylase activity extracted from 
HEK 293, suggesting that AdoMet directly inhibits de- 
methylase activity, and that the methyl residue on 
AdoMet is required for its interaction with demethylase. 
Taken together, oiur data support an alternative mech- 
anism of action for AdoMet as an inhibitor of intracel- 
lular demethylase activity, which results in hyper- 
methylation of DNA. 



S-Adenosylmethionine (AdoMet)^ is the main methyl donor 
in numerous methyltransferase reactions in all organisms (1). 
The reduced derivative of 5,10-methylenetetrahydrofolate, 
5-methyltetrahydrofolate, provides the methyl group for methi- 
onine and AdoMet S5mthesis (2). A series of rodent experiments 
as well as epidemiological data have suggested a correlation 
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between diets deficient in folate or in sources of methyl groups 
{i.e. foods containing methionine, one-carbon compounds, and 
choline) and the risk for colorectal adenomas and cancer (3). 
Such diets, referred to collectively as methyl-deficient, have 
been shown to promote liver cancer in rodents (4, 5), and 
AdoMet treatment was shovra to prevent the development of 
liver cancer in rat (6). 

In light of the clinical and epidemiological data suggesting a 
link between AdoMet levels and cancer, it is important to 
imderstand the tumor protective mechanism of action of 
AdoMet, as well as the tumor promoting action of methyl- 
deficient diets. This is of importance not only for reaHzing the 
therapeutic potential of AdoMet, but also for imraveling basic 
mechanisms of tumorigenesis, especially the role of methyl 
group metabolism. AdoMet is the cofactor for transmethylation 
reactions including DNA methylation (7, 8), whereas S-adeno- 
syUiomocysteine (AdoHcy) is the product of transmethylation 
reactions and an inhibitor of DNMTs (9). A current model is 
that exogenous administration of AdoMet increases the intra- 
cellular ratio of AdoMet to AdoHcy, thus stimulating DNMT 
activity resulting in increased DNA methylation (6, 10). An 
increase in AdoHcy concentrations, even without a concomitant 
reduction in AdoMet results in inhibition of DNMT and DNA 
hypomethylation (11). Methyl-deficient diets decrease intracel- 
lular AdoMet concentration, increase AdoHcy concentrations, 
and trigger DNA hypomethylation (5, 12, 13). A genetic link 
was established between polymorphisms in the methylenetet- 
rahydrofolate reductase gene encoding the enzyme catalyzing 
the synthesis of 5-methyltetrahydrofolate, and DNA hypo- 
methylation (14, 15). Global hypomethylation of DNA is a hall- 
mark of cancer (16, 17). If the mechanism of action of methyl- 
rich diets in cancer chemoprevention and methyl-deficient 
diets in cancer promotion is through changing genomic meth- 
ylation status, then it implies that global h3rpomethylation 
plays a causal role in cancer. This hypothesis is supported 
by the observation that 5-azacytidine, a DNMT inhibitor 
(18) can reverse AdoMet- mediated chemoprevention of liver 
carcinogenesis (19). 

Although it has been controversial, there is now little doubt 
(1) that exogenous AdoMet increases the intracellular AdoMet 
levels, AdoMet uptake into cells has also been verified through 
a high performance liquid chromatography analysis (20). A 
number of data support the notion that exogenous AdoMet 
causes hypermethylation of DNA (10, 21). 

Whereas this model provides an attractively simple explana- 
tion as to the possible relationship between exogenous AdoMet 
administration and DNA methylation, there are a number of 
unresolved issues. First, increased AdoMet should increase 
DNMT activity only if the normal intracellular concentration of 
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AdoMet is below the K„^ for the enzyme* this has not been 
demonstrated as of yet. It is, however, possible that the main 
mechanism by which elevating AdoMet levels increases DNMT 
activity is by competing with AdoHcy, an inhibitor of DNMT. 
Such an indirect mechanism of activation might be relevant 
even if the basal level of AdoMet is above the if^. Second, even 
if exogenous administration of AdoMet increases the activity of 
DNMT, it is not clear whether the normal level of enz3naie is 
limiting, or whether the specificity of DNA methylation pat- 
terns is determined by the molecular activity of DNMT. There 
is no evidence to suggest that specific sites remain unmethyl- 
ated in vertebrate genomes simply for the reason that the 
molecular activity of DNMT is limiting. Third, methyl-deficient 
diets cause hjrpomethylation in the liver whose cells are mostly 
postmitotic and do not replicate (5). If the mechanism of this 
hypomethylation involves only inhibition of DNMT, it could 
take effect only in cells that actively synthesize DNA. Because 
measurable demethylation is seen with these diets, this could 
only occur if a significant fraction of liver cells proliferate 
during the treatment. Whereas an increase in proliferation in 
the liver is seen as a consequence of methyl -deficient diets, it is 
not clear whether proliferation precedes or follows global 
hypomethylation. 

The current hypothesis on the mechanism of action of 
AdoMet is based on the assumption that DNA methylation is a 
unidirectional and irreversible reaction, which is catalyzed by 
DNMT exclusively. However, an increasing list of data sup- 
ports the hypothesis that DNA methylation in vivo is also 
fashioned by demethylase activity (22). A DNA demethylase 
activity was partially purified from human lung carcinoma 
A549 cells (23) and the protein MBD2b was shown to bear 
demethylase activity (24). The demethylase activity of MBD2 
was disputed by several groups (25, 26), but our recent data 
demonstrated that ectopic MBD2/dMTase causes DNA dem- 
ethylation in a promoter-specific manner (27). We therefore 
proposed that DNA methylation is a reversible reaction, and 
that the steady state DNA methylation status of a gene reflects 
a balance of methylation and demethylation (28, 29). Thus, it is 
possible that AdoMet increases methylation by inhibiting 
demethylation. 

It is impossible to determine whether hypermethylation of a 
gene in vivo following chronic drug treatment is caused by 
either an increase in DNMT activity, as proposed by the cur- 
rent model, or inhibition of demethylase. A model system is 
required to study either methylation or demethylation in iso- 
lation fi-om the reverse activity. We have recently described 
such a model (Fig. 1). When an unmethylated CMV-GFP plas- 
mid is transiently transfected into the human embryonal kid- 
ney cell line HEK 293, it remains unmethylated throughout the 
transient transfection period up to 96 h, demonstrating that 
DNMTs do not target extrachromosomal DNA under the con- 
ditions of our experiment (30). When an in vitro methylated 
CMV-GFP plasmid is transiently transfected into these cells, it 
generally remains methylated. However, when histone acety- 
lation is induced by trichostatin A (TSA), the plasmid is fully 
and actively demethylated by an endogenous demethylase ac- 
tivity. Because the plasmid does not replicate during the time 
frame of the experiment, this assay measures only active de- 
methylation (30). This system thus allows us to determine the 
impact that different factors might have on demethylase activ- 
ity. We have recently used this assay to illustrate that a protein 
that inhibits histone acetylation inhibits active demethylation 
in living cells (31). 

In this paper we took advantage of this assay to test the 
h5TX)thesis that exogenous administration of AdoMet inhibits 



demethylase activity in living cells. Using an in vitro demethyl- 
ase assay, we then tested whether AdoMet inhibits both recom- 
binant MBD2/dMTase activity extracted from infected Sf9 in- 
sect cells, as well as endogenous demethylase activity from 
HEK 293 cells. Taken together, our results support a new 
alternative hypothesis for the mechanism of action of AdoMet 
as a DNA h5^rmethylating agent. 

MATERIALS AND METHODS 
In Vitro Methylation of Substrates 

CMV-GFP (pEGFP-Cl from Clontech; GenBank'^ accession number 
U55763) was methylated in vitro by incubating 10 ^tg of plasmid DNA 
with 12 units of Sssl CpG methyl transferase (New England Biolabs) in 
the recommended buffer containing 800 AdoMet for 3 h at 37 *C. 
Twelve units of Sssl and 0.16 ^imol of AdoMet were then added and the 
reaction was further incubated for 3 additional hours. The methylated 
plasmid was recovered by phenol/chloroform extraction and ethanol 
precipitation, and complete methylation was confirmed by observing 
full protection from Hpall digestion. 

Cell Culture and Transient Transfections 

Human embryonal kidney HEK 293 cells (ATCC CRL 1573) were 
plated at a density of 7.5 X IgVwell in a 6-well dish and transiently 
transfected with 80 ng of CMV-GFP (methylated or mock methylated) 
using the calcium phosphate precipitation method as described previ- 
ously (32). 0.3 /AM TSA was added 24 h post- transfection. After an 
additional 24 h, cells were treated with or without various concentra- 
tions of AdoMet or AdoHcy (2-8 mM). Cells were harvested 72 h post- 
transfection. Each experiment was performed in triplicate, and exper- 
iments were performed several times using different cultures of HEK 
293 cells. 

Western Blot Analysis 

Whole cell extracts were prepared using radioimmunoprecipitation 
assay buffer according to the Santa Cruz Biotechnology protocol, and 
protein concentrations were determined using the Bradford reagent 
(Bio-Rad). 2.5 /xg of protein were resolved on a 12.5% SDS-polyacryl- 
amide gel and then transferred to polyvinyl idene difluoride membrane 
(Amersham Biosciences). After blocking the nonspecific binding with 
5% skim milk, GFP protein was detected using rabbit polyclonal IgG 
(Santa Cruz, sc-8334) at 1:500 dilution, followed by peroxidase-conju- 
gated anti-rabbit IgG (Sigma) at 1:5000, and enhanced chemilumines- 
cence detection kit (Amersham Biosciences). Membranes were stained 
with 0.2% Ponceau S (Sigma) to determine loading of total protein in 
each lane. Both the Western blots and Ponceau-stained membranes 
were quantified using NIH Image 1.62 software, and the GFP signal 
was normalized to the total protein (which varied only slightly) in each 
lane. 

Southern Blot Analysis 

DNA was extracted from HEK 293 cells using the DNeasy Tissue Kit 
(Qiagen). DNA was first digested with 50 units of EcoBl, followed by 
digestion with 20 units of either Hpall or Mspl restriction enzymes. 
Samples were subjected to electrophoresis on a 1.5% agarose gel and 
then transferred to Hybond-N^ membrane (Amersham Biosciences). 
Blots were probed with a ^^^-labeled CMV-GFP cDNA probe (Auall- 
C/rlOl fragment) sjrnthesized using a random priming labeling kit 
(Roche Diagnostics). Membranes were hybridized at 68 'C for 4-6 h in 
a buffer containing 0.5 M sodiimi phosphate, pH 6.8, 1 mM EDTA, 7% 
SDS, and 0.2 mg/ml herring sperm DNA. Following hybridization, the 
membranes were washed twice for 10 min in a 5% SDS, 0.04 m sodium 
phosphate, pH 6.8, 1 mM EDTA solution, and then four times for 10 min 
in the same solution containing 1% SDS. The demethylation assay 
measures the fraction of GFP molecules that were demethylated using 
Hpall restriction enzyme, which cleaves unmethylated CCGG but does 
not cleave methylated CCGG sequences. The methylated GFP DNA 
remains intact following Hpall digestion and is identical to the frag- 
ment obtained following EcoBJ digestion (indicated by M in Fig. 2B), 
whereas the imm ethyl ated GFP DNA is cleaved by Hpall resulting in a 
0.5-kb fragment (indicated by 1/ in Fig. 2B). We scanned each Hpall 
digested lane and measured the intensity of the total signal hybridizing 
with the GFP probe in the same Hpall lane (including the unmethyl- 
ated U and methylated M fragments), this value is equal to 100% of 
GFP molecules in the lane. We then determined the intensity of the 
unmethylated signal per Hpall lane, and divided this value (t/) by 
the total signal for GFP (U + M) in the same Hpall lane. To exclude the 
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possibility that the Hpall digestion was skewed by differences in load- 
ing, we used the ethidium bromide-stained gels as loading controls for 
the corresponding Southern blots. We normalized the values obtained 
upon the calculation tM/(U + M)] x 100 to the amount of DNA in each 
Hpall lane as determined by quantification of the ethidium bromide- 
stained gels by NIH Image 1.62. The results of three independent 
experiments were quantified by densitometry (NIH Image 1.62). 

AdoMet Preparations for in Vitro Studies 

AdoMet was prepared as a 50 mM solution in distilled water by 
dissolving lyophilized powder (Sigma) in distiUed water. AdoHcy was 
purchased from Sigma and dissolved in distiUed water at a 50 mM 
concentration. 

Purification of Recombinant MBD2/dMTase from Sf9 Cells 

A fragment containing human MBD2/dMTase was excised from 
pCR2.1-dMTase (24) with BamHl and Xhol and transferred to the 
Baculovirus expression transfer vector pBlueBacHis2 C (Invitrogen), 
PBlueBacHis2 C-MBD2/dMTase and Bac-N-Blue viral DNA were co- 
transfected into the Sf9 insect cell line, and recombinant viruses were 
isolated, identified, and amplified according to the manufacturer's pro- 
tocol (Invitrogen) with no modifications. High titer P3 viral stocks were 
used for infections. Insect Sf9 cells were cultured in spinner flasks to a 
density of 2.5 X 10" cells/ml in Grace's insect cell culture medium 
supplemented (ix) from Invitrogen. For infection, 5 X 10** cells were 
plated in 10-cm tissue culture plates (Sarstedt) and allowed to settle 
and attach for 30 min. Tiie culture medium was removed and was 
replaced with 10 ml of the same medium containing MBD2/dMTase 
virus at a multiplicity of infection of 10. The cells were cultured with the 
virus for 5 days at 27 °C and were then harvested by scraping in cold 
phosphate-buffered saline. Cell pellets from 10 plates were frozen and 
kept at —70 "C until they were used for enzyme purification. Frozen 
pellets were thawed in 5 ml of lysis buffer (10 mM Tris-HCl, pH 8.0, 5 
mM MgCIa. 500 mM NaCl, 0.05% Tween 20, 10% glycerol, and 10 mM 
imidazole) containing 1 ttg/ml of the following protease inhibitors: apro- 
tinin, leupeptin, and Pefablock. Protease inhibitors were added to all 
the solutions used in the purification. The homogenates were subjected 
to two cycles of freezing and thawing (5 min per step). DNA in the 
homogenate was sheered by passing through an 18.5-gauge needle 10 
times. The extracts were then subjected to 15 cycles of sonication (10 s 
burst, 10 s gap per cycle at 20% of maximal output). The extracts were 
centrifuged at 10,000 X g for 35 min. The supernatant was transferred 
into a fresh tube and was recentrifuged for additional an 25 min at 
15,000 X g. The extract was filtered through a 5-micron filter to remove 
any particulate matter and the buffer was exchanged on a PD- 10 buffer 
exchange column (Amersham Biosciences) with buffer L (10 mM Tris- 
HCl, pH 8.0, 10 mM MgClg) containing 50 mM NaCl. Recombinant 
MBD2/dMTase was partially purified by Q-Sepharose (Amersham Bio- 
sciences) ion exchange chromatography. Q-Sepharose beads (1 ml of 
swollen beads) were washed extensively and pre-equiiibrated with 
buffer L containing 50 mM NaCl and divided into 3 equal aliquots. The 
cell extracts were sequentially bound three times to the 3 aliquots of 
Q-Sepharose beads in batch in 15-ml tubes by shaking gently on a 
Nutator for 45 min at 4 "C. Following each binding step, the boxmd 
beads and unbound supernatant were separated by centrifugation for 2 
min at 1000 x g and the supernatant was transferred into a new tube 
and bound with new pre-equilibrated beads. The bound beads from the 
three binding steps were joined and resuspended in lysis buffer. The 
beads were washed in batchs 4 times with 5 ml of buffer L -I- 50 mM 
NaCl. For each washing step, the beads were incubated with the wash 
solution for 15 min and then separated from the wash supernatant by 
centrifugation for 2 min at 1000 X g. Following washing, the proteins 
were eluted in batchs (30 min per step) with a stepwise NaCl gradient 
in bufiTer Each elution step was analyzed for in vitro demethylase 
activity and for the presence of the recombinant His-tagged MBD2/ 
dMTase by a Western blot analysis using the anti-Xpress antibody from 
Invitrogen as previously described. MBD2/dMTase peak elution is at 
the 0.4 M NaCl step. No demethylase activity was observed in the same 
fractions prepared in a similar manner from uninfected Sf9 cells. For 
concentration of the 0.4 m NaCl fraction, a Microcon Y^I-10 concentra- 
tor (Millipore) was used at 3300 x g and 4 "C. Spinning time varied 
according to the volume, and was 25 min for 500 p-I. 

Extraction of Endogenous Demethylase Activity from 
HEK293 Cells 

10 X 10-cm tissue culture plates of HEK 293 celb were used to 
prepare cell extracts as outlined in the previous section. Q-Sepharose 



fractionation was performed also as described above and as previously 
described (27). 

Preparation of Substrate DNA for in Vitro Demethylation Assay 

Methylation of Substrate — Typically, 25 /xg of DNA from Micrococcus 
lysodeikticus (Sigma, Type XI, highly polymerized) were methylated 
with M.SssI (60 units. New England Biolabs) and AdoMet (3.2 mM, New 
England Biolabs) in methylation buffer (NEbuffer2, New England Bio- 
labs) in the presence of 50 mM EDTA for 3-4 h at 37 *C. Fresh AdoMet 
(3.2 mM) and enzyme (40 units) were then added before incubating at 
37 ^C for an additional 3-4 h. To achieve complete methylation, meth- 
ylation was repeated after AdoHcy, which is a product of the methyla- 
tion reaction and inhibits DNA methylation, and was removed using a 
Microcon 10 concentrator (Millipore) according to the manufacturer's 
protocol. The degree of methylation was verified by methylation sensi- 
tive restriction enzjTne analysis (Mspl-Hpall digestion) on aliquots of 
the reaction mixture. The DNA was purified by phenol-chloroform 
extraction (one part of either phenol or chloroform per three parts 
reaction mixture). Unincorporated nucleotides were removed by a Nap5 
gel filtration chromatography (Amersham Biosciences) column. The 
Nap5 column was equilibrated with demethylation buffer (10 mM Tris- 
HCl, 5 mM MgCla, pH 7.0). DNA containing fractions were combined, 
concentrated on a Microcon 10, and subjected to a second Nap5 desalt- 
ing column. DNA containing fractions were again concentrated as de- 
scribed above. 

fa-^'^PJdGTPLabelingofDNA—We then prepared either methylated 
or unmethylated DNA that is ^^P-labeled at G, the 3' neighbor of the 
methylated C, as previously described (33) with the following modifica- 
tions. 5 ^g of either methylated or unmethylated DNA in 35 ^tl of double 
distilled water were denatured and annealed to a hexanucleotide 
primer by boiling for 10 min in the presence of 3 /i.1 of random hexa- 
nucleotide mixture (0.2 Ageo) (Roche Diagnostics). The primed DNA was 
then subjected to template-directed extension with the Klenow frag- 
ment of DNA polymerase I in the presence of labeled la-^^P]dGTP, 
either methyl-dCTP (for methylated DNA) or dCTP for immethylated 
DNA, dTTP, and dATP. The 3' phosphate of all the 5' neighbors of G 
including either C or methyl-C is labeled by this procedure. The labeling 
was performed in polymerase buffer (50 mM NaCl, 6.6 mM Tris-HCl, 6.6 
mM MgClg, 1 mM dithiothreitol, pH 7.4) with Klenow fragment I (10 
units, Roche Diagnostics), methyl-dCTP (1 mM), and dCTP (1 mM), 
respectively, dATP, dTTP (1 mM each), and [a-^=^jdGTP (50 /iCi, 
PerkinElmer Life Sciences) for 3 h at 37 "C, The reaction mixtiire was 
extracted with phenol and chloroform (one part of each per three parts 
reaction mixture). Trichloroacetic acid precipitation (2 ml of 10% tri- 
chloroacetic acid, 20 fxg of herring sperm DNA) of an aliquot showed 
t5T)ically 80-95% labeling efficiency (260,000-320,000 cpm/^I, total of 
150 fi.1). The DNA was purified by eluting it twice from a Nap5 column 
and concentrating on a Microcon 10 as described above with the follow- 
ing variation: distilled water was used for prewashing and elution in 
the second column. The final concentration was 5 ng//xl and the specific 
activity was t3Tpically 8.0-8.8 X 10^ cpm/^g. 

In Vitro Demethylation Assay 

A typical reaction mixture (50 /xl) consisted of 25 ng of ^^-prelabeled 
DNA (prepared as described above) incubated in demethylation buffer 
(10 mM Tris-HCl, 5 mM MgCl^, pH 7.0) with either the purified MBD2/ 
dMTase (5 /il, ~5 ng) or the purified demethylase activity from HEK 
293 cells (5 fiV) for 24 h at 37 "C in either the absence or presence of 
AdoMet and AdoHcy, respectively. The DNA was extracted from the 
enzyme by incubation in 2 volumes of DNA extraction buffer (10 mM 
Tris-HCl, 0.5 M NaCl, 1% SDS) containing 0.1 unit of proteinase K 
(Roche Diagnostics) at 50 "C for 2 h. Subsequent phenol-chloroform 
extraction (one part of either phenol or chloroform per three parts of 
reaction volume) in the presence of tRNA (50 /xg) as a carrier and 
ethanol precipitation with salt and 95% ethanol resulted in almost 
quEmtitative recovery of the input DNA. The DNA pellets were resus- 
pended in distilled water (8 pX) and digested with microccocal nuclease 
to ^^-labeled 3' mononucleotides as described elsewhere (27, 33). The 
labeled mononucleotides were separated by thin layer chromatography 
and visualized by autoradiography on a phosphorimaging plate, and the 
levels of cytosine (C) and 5-methylcytosine (mC) were quantified by the 
MCID-M4 software (Imaging Research Inc.). The percent demethyla- 
tion (Cy(C + mO) was calculated per each sample and then normalized 
to the value obtained for the demethylase reaction in the absence of 
inhibitor (0 mM AdoMet^AdoHcy). 
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Fig. 1. Outline of the model system used to assess the effects of 
AdoMet on active demethylation in living cells. CMV-GFP plas- 
mid is methylated in vitro and transiently transfected into HEK 293 
cells. Histone acetylation is induced with TSA, which results in DNA 
demethylation by endogenous demethylase activity (30). The degree of 
demethylation is then measured by methylation-sensitive restriction 
digestion using Hpall enzyme, which is followed by Southern blot 
analysis using a GFP-specific probe CAuall-C/rlOl fragment). The pos- 
sible mechanisms of action of AdoMet are indicated, either a direct 
inhibition of demethylase activity (1), or an indirect mechanism by first 
stimulating histone methylation and inhibiting histone acetylation, 
which would then inhibit active demethylation (2). 



RESULTS 

AdoMet Inhibits TSA-induced Active Demethylation of Ec- 
topically Methylated and Transiently Transfected CMV-GFP in 
a Dose-dependent Manner — There have been several reports 
demonstrating that exogenous administration of AdoMet leads 
to DNA hypermethylation (19, 21, 35). Similarly, other studies 
have shown that a decrease in dietary folate, or a depletion of 
intracellular AdoMet, results in DNA hypomethylation (6, 12, 
36, 37). However, it is not known whether the effects of AdoMet 
on methylation are because of changes in DNMT or DNA de- 
methylase activities. 

We utilized a previously described transient transfection- 
based assay system (Fig. 1 and Ref 30) to study the effects of 
AdoMet on active demethylation of ectopically methylated 
DNA. In prior studies we have shown that the in vitro methyl- 
ated CMV-GFP reporter plasmid is actively demethylated 72 h 
following transfection into HEK 293 cells when histone hyper- 
acetylation is induced with TSA (30). Because CMV-GFP does 
not repUcate nor is it de novo methylated in HEK 293 cells (30), 
this assay specifically measures active demethylation in a liv- 
ing cell. 

We first determined the effects of increasing doses of 
AdoMet, or the product of AdoMet-dependent methyltrans- 
ferase reactions, AdoHcy, on the demethylation of methylated 
CMV-GFP (Fig. 2), DNA was isolated from HEK 293 cells 
transfected with methylated CMV-GFP DNA and treated with 
either TSA and AdoMet, or TSA and AdoHcy. DNA was first 
linearized with the EcoRI restriction enzyme, followed by di- 
gestion with Mspl (which cleaves the sequence CCGG) or Hpall 
(which cleaves the sequence CC<jG only when it is not methyl- 
ated). The demethylated i/pall -digested 529-bp fragment (U) 
and the methylated //pall -undigested DNA (M) were quanti- 
fied within the same lanes, and the percent methylation for 
CMV-GFP DNA in each lane was determined as [M/(U + M)] X 
100. Values were then normalized to the total DNA per lane as 
determined by ethidium bromide staining. As can be seen in 
Fig. 2, A and C, the addition of TSA results in nearly complete 
demethylation of CMV-GFP by endogenous demethylase activ- 
ity, as indicated by the complete Hpall digestion of CMV-GFP 
to the 529-bp fragment (U). Upon the addition of increasing 
concentrations of AdoMet (Fig. 2, B and D\ the percentage of 
methylated GFP remaining increases in a dose-dependent 



manner, illustrated by the decrease in the ratio of the 529-bp 
Hpall fragment (U) to the undigested DNA (M). AdoHcy has an 
insignificant effect on the demethylation of CMV-GFP (Fig. 2, B 
and /», indicating that the methyl moiety of AdoMet is re- 
quired for inhibition of demethylation. 

We then determined whether AdoMet stimulates de novo 
methylation of an identical unmethylated CMV-GFP substrate. 
Fig. 2E illustrates that unmethylated CMV-GFP, transfected 
under identical conditions, does not get de novo methylated, 
even in the presence of 8 mM AdoMet. This indicates that 
AdoMet does not cause an increase in DNMT activity on ectopic 
CMV-GFP. Thus, the likely mechanism by which AdoMet 
causes hypermethylation of CMV-GFP in comparison with the 
TSA-treated control is by inhibiting its active demethylation by 
resident demethylases. 

AdoMet Reduces TSA-induced Expression of Methylated 
CMV-GFP in a Dose-dependent Manner, but Has No Effect on 
Unmethylated CMV-GFP — A number of studies have shown 
that an increase in AdoMet inhibits gene expression (20, 21), 
however, it is not clear whether AdoMet specifically affects 
genes whose methylation state it alters exclusively, or whether 
it has a nonspecific effect on gene expression. We took advan- 
tage of the CMV-GFP system described above to address this 
question. We determined whether AdoMet influences the ex- 
pression of either methylated CMV-GFP, whose methylation 
state is affected by AdoMet, or unmethylated CMV-GFP, whose 
methylation state is not affected by AdoMet. HEK 293 cells 
were transiently transfected and treated with TSA and either 
AdoMet or AdoHcy, as described in the previous section. Ex- 
tracts were then prepared and subjected to a Western blot 
analysis using an antibody directed against GFP protein. 

Fig. 3, A and C, illustrates that methylated CMV-GFP is 
completely repressed in xmtreated HEK 293 cells. This is as 
expected, because it is well documented that DNA methylation 
leads to gene silencing. The addition of TSA leads to a dramatic 
induction of GFP expression as expected fi'om the complete 
demethylation following TSA treatment. Upon the addition of 
increasing amounts of AdoMet, GFP expression is decreased in 
a dose-dependent fashion. AdoHcy has no significant effect on 
the expression of methylated GFP, consistent with its lack of 
effect of DNA demethylation. 

Because our system measures expression and demethylation 
that is dependent on histone hyperacetylation, there are two 
possible mechanisms whereby AdoMet exerts its effects on 
demethylation (Fig. 1). AdoMet coxild directly inhibit a de- 
methylase activity, or it could inhibit histone acetylation, 
which we have previously shown leads to an inhibition of dem- 
ethylation (30). If the latter were true, then AdoMet should also 
inhibit the TSA-induced expression of unmethylated GFP, 
whose expression is induced by histone acetylation as well. Fig. 
3, B and /), indicates that this is not the case, because AdoMet 
has no significant effect on the induction of unmethylated GFP 
by TSA. The fact that AdoMet specifically affects the expres- 
sion of a methylated copy of CMV-GFP, and not an unmethyl- 
ated copy, supports the model that AdoMet inhibits gene ex- 
pression by directly inhibiting the active demethylation of 
methylated CMV-GFP. 

AdoMet but Not AdoHcy Inhibits Demethylation Activity in 
Vitro — To further confirm that the observed effect of AdoMet 
and AdoHcy is because of inhibition of active demethylation 
and not an indirect effect, in vitro studies with a recombinant 
MBD2/dMTase (the only demethylase characterized thus far) 
were performed (24). Because it is not certain whether MBD2/ 
dMTase is responsible for the demethylation seen in HEK 293 
cells, we also performed these studies with purified endogeno^lS 
demethylase activity firom HEK 293 cells. Together, these in 
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Fig. 2. AdoMet inhibits active demethylation of CMV-GFP. A, B, and E, either in uitro methylated CMV-GFP plasmid {m-GFP) (A and B), 
or unmethylated CMV-GFP (GFP) {E) were transiently transfected into HEK293 cells. Cells were treated with a final concentration of 0.3 ftM TSA 
(+TSA), or left untreated i—TSA), and increasing concentrations of either AdoMet or AdoHcy (2, 4, and 8 mM) were added. Cells were harvested 
72 h post-transfection, and the methylation status of CMV-GFP was determined by MspVHpall restriction digestion and Southern blot analysis 
as outlined under "Materials and Methods" and in the legend to Fig. 1. M, methylated and Hpall undigested GFP; U, unmethylated and HpaJl fully 
digested GFP (529 bp); B, lower panels ethidium bromide-stained gels. C, the results of three independent experiments as shown in A were 
quantified by densitometry, and the average percent methylation remaining for each sajnple was calculated as outlined under "Materials and 
Methods" and charted ± S.D. D, the results of three independent experiments as shown in B were quantified as in C and the averages ± S.D. are 
presented. O, AdoMet; AdoHcy. 




vitro experiments should test v^hether AdoMet can act as an 
inhibitor of one or more demethylase activities. 

First, His -tagged MBD2/dMTase was partially purified by 
chromatography on Q-Sepharose from cell extracts of Sf9 cells 
infected with the recombinant MBD2/dMTase construct as de- 
scribed under "Materials and Methods." Fractions were eluted 
with a stepwise gradient of NaCl and assayed for demethyla- 
tion activity with a ^^P-prelabeled methylated DNA from 
M. lysodeikticus (Fig. 4, A, left panel). Conversion of methyl- 
dCMP to dCMP, whereas not extensive, was almost exclusively 
detected with the 0.4 m NaCl fraction (16% demethylation). 
This correlates with the peak presence of the His-tagged re- 
combinant MBD2/dMTase protein in this fraction as demon- 
strated by Western blot analysis (Fig. 4B) using an anti-Xpress 
antibody. To confirm that the 0.4 m NaCl fraction contained 
demethylase activity, the fraction was concentrated 10-fold on 



a Microcon concentrator. As expected, the demethylase activity 
in the 0.4 m NaCl fraction increased accordingly (Fig. 4A, right 
panel); 5 ^1 of the concentrated fraction completely converted 
methyl-dCMP to dCMP for the same amount of DNA as used 
before (Fig. 4A, left panel). 

Next, we determined whether AdoMet inhibits the demethy- 
lation activity of MBD2/dMTase. The aforementioned DNA was 
incubated with MBD2/dMTase from Sf9 cells in the presence of 
increasing AdoMet concentrations, and conversion of methyl- 
dCMP (mC) to dCMP (C) was assessed as above. Fig. 5A pre- 
sents the autoradiography and quantification of one represent- 
ative experiment. Because of the numerous steps involved in 
this assay, it is impossible to avoid small loading differences 
between samples. To determine percent activity, the percent 
demethylation, (C/(C + mC)), was thus calculated within each 
sample to control for these differences, and then normalized to 
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Fig, 3. AdoMet reduces TSA-in- 
duced expression of methylated 
CMV-GFP. A and B, HEK 293 cells were 
transiently transfected with either meth- 
ylated CMV-GFP plasmid (m-GFP) (A) or 
unmethylated CMV-GFP {GFP) iB) and 
treated with 0.3 /nM TSA and with the 
indicated concentrations (mM) of AdoMet 
or AdoHcy. Total cell extracts were pre- 
pared using standard protocols and re- 
solved on a 12.5% SDS-polyacryl amide 
gel. Proteins were transferred to polyvi- 
nylidene difluoride membrane, and GFP 
protein was detected using rabbit poly- 
clonal IgG (Santa Cruz, sc-8334). Mem- 
branes were stained with Ponceau S to 
show equal loading. C, experiments such 
as those shown in A were performed in 
tripUcate and quantified by densitometry. 
Results are presented as arbitrary units 
relative to the level of GFP expression in 
the presence of TSA alone that was nor- 
malized to one. O, AdoMet; □, AdoHcy. D, 
quantification of triplicate experiments as 
shown in B; the averages ± S.D. are 
presented. 
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the value obtained for the demethylase reaction in the absence 
of inhibitor (0 mM AdoMet/AdoHcy). Conversion of methyl- 
dCMP to CMP was greatly reduced at 0.5 mM AdoMet and 
abolished completely at concentrations higher than 0.7 mM. 

In contrast to AdoMet, no inhibition of demethylation oc- 
curred in the presence of increasing concentrations of AdoHcy 
(Fig. 5j5). These results indicate that the small differences in 
the chemical structure (methyl group and positive charge on 
the sulfur) between AdoMet and AdoHcy are responsible for 
their different interactions with the MBD2/dMTase. 

To test whether AdoMet inhibits endogenous HEK 293 dem- 
ethylase activity, we extracted demethylase from HEK 293 
cells using Q-Sepharose fractionation as previously described 
(27) and incubated it with increasing concentrations of AdoMet. 
The results shown in Fig. 5C indicate that, similar to recombi- 
nant MBD2/dMTase, the demethylase activity extracted from 
HEK 293 cells is inhibited by 50% at 0.5 mM AdoMet. Taken 
together, the above experiments demonstrate that AdoMet can 
inhibit the in vitro demethylation activity of recombinant 
MBD2/dMTase as well as endogenous demethylase extracted 
from HEK 293 cells. 

AdoMet and AdoHcy compete for binding to the catal5i;ic site 
on DNMTs. It was therefore proposed that the ratio of AdoHcy 
to AdoMet determines DNMT activity as discussed in the In- 
troduction. AdoHcy inhibits DNMTs whereas increased 
AdoMet offsets this inhibition. We therefore determined 
whether a similar relationship applies to MBD2/dMTase. A 
competition experiment between AdoMet and AdoHcy is pre- 
sented in Fig. 5D. Increasing concentrations of AdoHcy were 
added in the presence of an inhibitory concentration of AdoMet 
(10 mM), in a series of demethylation reactions. The results of 
this experiment illustrate that even a 10-fold concentration 
excess of AdoHcy to AdoMet does not diminish inhibition of the 
demethylase reaction by AdoMet. This is consistent with the 
hypothesis that AdoMet has a higher affinity for MBD2/ 
dMTase as compared with AdoHcy. Further studies are neces- 
sary to elucidate the mode of inhibition: whether AdoMet is a 
competitive inhibitor with the substrate DNA or an aUosteric 
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Fig. 4. Partial purification of His-MBD2/dMTase firom Sf9 
cells. A, nuclear extracts of Sf9 cells infected with MBD2/dMTase 
baculovirus were subjected to chromatography on Q-Sepharose and 
eluted with a stepwise gradient of NaCl. Fractions were assayed for 
demethylase activity using a ^^-prelabeled methylated DNA from 
M. leisodeikticus . Demethylation activity elutes almost exclusively at 
0.4 M NaCl with some activity present in the 0.2 M NaCl fraction (A, left 
panel). The 0.4 m NaCl fraction was concentrated 10-fold and re-assayed 
(A, right panel). Following demethylation, the DNA was digested to 
3 '-mononucleotides that were separated by thin layer chromatography. 
The DNA incubated with the whole cell extract (EX) and the flow- 
through could not be recovered for activity analysis, most likely 
because of nuclease activities in the fractions. The MBD2/dMTase 
tightly binds to Q-Sepharose as shown by the fact that the washes are 
free of demethylation activity. B, the fractions were analyzed by West- 
em blot using anti-Xpress antibody (Invitrogen) to demonstrate the 
presence of His-MBD2/dMTase (indicated by the arrow). The presence 
of the protein correlates with its activity in the elution profile, with 
almost all MBD2/dMTase detected at 0.4 M NaCl. Lower molecular 
weight bands in the extract and the bindings might be because of 
partial degradation of the protein during purification. NM, unmethyl- 
ated control; A/, methylated control; 6mC, 5-methyIdeoxycytidine 3'- 
monophosphate; C, deoxycjrtidine 3 '-monophosphate. 
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Fig. 5. AdoMet, but not AdoHcy, inhibits demethylation activity in vitro. A and C, ^^P-prelabeled methylated DNA from M. leisodeikticus 
was incubated with either MBD2/dMTase (A) or HEK 293 cells' extracted demethylase (C) and increasing concentrations of AdoMet. The 
autoradiography and quantification of one representative TLC plate is shown. Percent activity was calculated as described under "Materials and 
Methods." B, increasing concentrations of AdoHcy were added to the demethylase reaction; a representative experiment is shown, D, increasing 
concentrations of AdoHcy were added to reaction mixtures containing 10 mM AdoMet and demethylase activity was determined. iVM, urunethylated 
control; Af, methylated control; 5mC, 5-methyldeoxycytidine 3 '-monophosphate; C, deoxycytidine 3'-monophosphate. 



inhibitor as was demonstrated for methylene tetrahydrofolate 
reductase (39). Furthermore, we do not know how MBD2/ 
dMTase recognizes AdoMet on a structural basis. 

DISCUSSION 

The currently accepted mechanism for the effects of the 
methyl donor AdoMet on DNA methylation and tumorigenesis 
is foimded on the assumption that the DNA methylation reac- 
tion is irreversible and defined exclusively by the DNMT. Tak- 
ing advantage of our previously developed assay of demethy- 
lase activity in living cells (Fig. 1), we tested an alternative 
hypothesis: that AdoMet inhibits demethylase activity. If the 
steady state methylation status of DNA is maintained by an 
equilibrium of DNMT and demethylase activities (29), then 
inhibition of the demethylase side of the equilibrium should 
result in hypermethylation. Therefore, the reported DNA hy- 
permethylation effects of exogenous AdoMet might be caused in 
part by inhibiting the level of demethylase activity in tumor 
cells. The main advantage of the system used in this paper is 
that it studies active demethylation exclusively, without inter- 
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Fig. 6. Possible model depicting how AdoMet may alter DNA 
methylation patterns and exert a chemoprotective effect. The 
steady state methylation pattern of a gene is determined by an equi- 
librium of DNMTs and DNA demethylases acting upon it. In cells where 
DNA demethylase is overexpressed, certain genes may have a tendency 
to become hypomethylated, and some of these genes may promote 
anchorage independent growth and tumorigenesis. In this case, the 
administration of AdoMet would have a tumor protective effect by 
inhibiting demethylation and shifting the equilibrium to the normally 
methylated state. 

ference fi-om either replication-dependent passive demethyla- 
tion or de novo DNMT activities (30). 

We show here that exogenous AdoMet inhibits TSA-stimu- 
lated demethylation of ectopically methylated and transiently 
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transfected CMV-GFP DNA (Fig. 2, B and E), Because methyl- 
ation inhibits the expression of CMV-GFP (30), inhibition of 
demethylation of CMV-GFP results in reduction of GFP protein 
expression (Fig. 3, A and C), illustrating that AdoMet affects 
both demethylation of DNA and gene expression. This associ- 
ation of inhibition of demethylation and silencing of gene ex- 
pression prompted us to rule out the possibility that AdoMet 
has a general, methylation-independent inhibitory effect on 
gene expression, or a general toxic effect, which also might 
result in inhibition of expression. 

It is possible that AdoMet increases his tone methyltrans- 
ferase activity, resulting in hjrpermethylation of Lys-9 on H3 
histones, which has been shown to correlate with inhibition of 
acetylation (40, 41). Inhibition of acetylation was shown to 
inhibit expression and demethylation of CMV-GFP (31). To 
address this alternative possibility, we measured in parallel 
the effects that AdoMet might have on methylated as well as 
unmethylated CMV-GFP plasmid, both transfected and treated 
with exogenous AdoMet under equivalent conditions. We first 
show that AdoMet treatment does not result in de novo meth- 
ylation of unmethylated CMV-GFP (Fig. 2E). Thus, exogenous 
AdoMet does not stimulate DNA methylation as might be pre- 
dicted by the current hypothesis of the mechanism of action of 
AdoMet- Second, we show that exogenous AdoMet does not 
inhibit expression of unmethylated CMV-GFP under conditions 
where a clear inhibition of expression of methylated CMV-GFP 
is observed (Fig. 3, B and Z>). Thus AdoMet specifically affects 
the expression of methylated genes. To our knowledge, this is 
the first demonstration that AdoMet specifically targets meth- 
ylated DNA. This result also rules out the possibility that 
AdoMet exerts a general toxic effect on the cell. Our data 
therefore demonstrate that exogenous AdoMet specifically af- 
fects methylated DNA and prevents its expression. This most 
probably occurs by inhibiting an endogenous demethylase ac- 
tivity, resulting in hypermethylation of CMV-GFP and methyl- 
ation-dependent repression. 

We used the product of AdoMet-dependent methyltrans- 
ferase reactions, AdoHcy, as a control. AdoHcy differs fi*om 
AdoMet by a single methyl group. We show that AdoHcy has no 
effect on either gene expression (Fig. 3, A and C) or demethyl- 
ation (Fig. 2, B and E), Taken together, these results indicate 
that both activities of AdoMet, inhibition of demethylation and 
inhibition of gene expression, are tightly associated and that 
they are both dependent on the methyl moiety in AdoMet. 

In addition, we show that AdoMet directly inhibits recombi- 
nant MBD2/dMTase as well as demethylase activity extracted 
fi:^m HEK 293 cells (Fig. 4) in a dose-dependent manner using 
an in vitro assay (Fig. 5). AdoHcy does not inhibit MBD2/ 
dMTase at the same concentrations (Fig. 5). Because an in- 
crease in intracellular AdoHcy was previously shown to be 
associated with hypomethylation (11), we tested the possibili- 
ties that AdoHcy (a) stimulates MBD2/dMTase activity, and (6) 
competes with AdoMet binding to MBD2/dMTase and relieves 
AdoMet inhibition. Our results suggest that AdoHcy does not 
interact with MBD2/dMTase and that it has no effect on 
AdoMet inhibition of this enzyme in vitro. Our results support 
the conclusion that the methyl group in AdoMet is required for 
its interaction with MBD2/dMTase. Although our results dem- 
onstrate that exogenous AdoMet inhibits demethylase activity 
in vitro and in living cells, there is no evidence that the intact 
AdoMet is the inhibitor. Because AdoMet is not intrinsically 
stable, particularly at physiological pH, it is difficult to assess 
whether AdoMet or a breakdown product is the inhibitory 
compoxmd. At the AdoMet concentrations (mw) used in our 
studies, micromolar or even nanomolar concentrations of 



breakdown products of AdoMet may be present. Further exper- 
iments are required to test this possibility. Nevertheless, our 
experiments demonstrate that pharmacological administration 
of AdoMet inhibits active demethylation and alters gene 
expression. 

Further experiments are also required to determine whether 
MBD2/dMTase is responsible for demethylation of our methyl- 
ated plasmid in HEK 293 cells. Nevertheless, the fact that 
AdoMet inhibits both recombinant MBD2/dMTase and endog- 
enous demethylase activities (Fig. 5) provides support for the 
hjrpothesis that demethylase(s) is inhibited by AdoMet. Thus, 
in addition to its role as a cofactor of transmethylation reac- 
tions, AdoMet can also act as a regulator of DNA methylation 
metabolism by inhibiting demethylase activity. 

Our data further emphasize that the demethylase side of the 
methylation equiHbritun has to be taken into account when 
dissecting the mechanism of action of drugs that modify the 
DNA methylation pattern. Based on our data, we suggest that 
AdoMet can alter DNA methylation patterns by inhibiting 
demethylase, which is expressed in some or most cells (Fig. 6). 
In this case, a reduction in the intracellular levels of AdoMet by 
methyl-deficient diets removes this inhibition and increases 
the demethylase tone, resulting in active demethylation of 
DNA that could take place even in postmitotic tissue. Interest- 
ingly, AdoMet has recently been shown to inhibit the overall 
demethylation of a CG site in the 5' of the myogenin gene 
during C2C12 differentiation (21). However, this report did not 
determine whether AdoMet stimulated DNMT or inhibited 
DNA demethylase. 

What are the potential implications of the inhibition of de- 
methylase by AdoMet? It is well documented that a correlation 
exists between reduced intracellular AdoMet (either as a con- 
sequence of decreased folate intake or pharmacological inter- 
vention) and an increase in cell proliferation and tumorigenesis 
(6, 35, 36, 38). In addition, other studies have shown that a 
decrease in dietary folate, or a depletion of intracellular 
AdoMet, results in DNA hypomethylation (6, 12, 36, 37). This is 
consistent with the well documented observations of global 
hjrpomethylation in cancer cells (42). There is evidence that the 
tumor protective mechanism of AdoMet involves DNA methyl- 
ation because this protection is removed when the animals are 
co-treated vsrith S-azacj^idine and AdoMet (19). In accordance 
with this hypothesis, we have recently shown that antisense 
inhibition of MBD2/demethylase inhibits tumorigenesis (43). It 
is tempting to speculate that certain genes that are required for 
anchorage independent growth might be inhibited by methyl- 
ation and activated by demethylase activity. Inhibition of the 
demethylase tone by AdoMet is proposed to result in silencing 
of these genes. If the mechanism of action of AdoMet in inhib- 
iting tumorigenesis involves inhibition of demethylation, it 
would support the hjrpothesis that demethylation plays a 
causal role in tumorigenesis, and serve as a warning against 
using inhibitors of DNA methylation as anticancer agents. 
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ABSTRACT Precise mapping of DNA methylation pat- 
terns in CpG islands has become essential for understanding 
diverse biological processes such as the regulation of im- 
printed genes, X chromosome inactivation, and tumor sup- 
pressor gene silencing in human cancer. We describe a new 
method, MSP (methylation-specific PCR), which can rapidly 
assess the methylation status of virtually any group of CpG 
sites within a CpG island, independent of the use of methyl- 
ation-sensitive restriction enzymes. This assay entails initial 
modification of DNA by sodium bisulfite, converting all 
unmethylated, but not methylated, cytosines to uracil, and 
subsequent amplification with primers specific for methylated 
versus unmethylated DNA. MSP requires only small quanti- 
ties of DNA, is sensitive to 0.1% methylated alleles of a given 
CpG island locus, and can be performed on DNA extracted 
from paraffin-embedded samples. MSP eliminates the false 
positive results inherent to previous PCR-based approaches 
which relied on differential restriction enzyme cleavage to 
distinguish methylated from unmethylated DNA. In this 
study, we demonstrate the use of MSP to identify promoter 
region hypermethylation changes associated with transcrip- 
tional inactivation in four important tumor suppressor genes 
(pl6, pl5, E'Cadherin, and von Hippel-Lindau) in human 
cancer. 



In higher order eukaryotes, DNA is methylated only at cy- 
tosines located 5' to guanosine in the CpG dinucleotide (1). 
This modification has important regulatory effects on gene 
expression, especially when involving CpG-rich areas known as 
CpG islands, located in the promoter regions of many genes (2, 
3). While almost all gene-associated islands are protected from 
methylation on autosomal chromosomes (3), extensive meth- 
ylation of CpG islands' has been associated with transcriptional 
inactivation of selected imprinted genes (4, 5) and genes on the 
inactive X-chromosome of females (6, 7). Aberrant methyl- 
ation of normally unmethylated CpG islands has been docu- 
mented as a relatively frequent event in immortalized and 
transformed cells (8) and has been associated with transcrip- 
tional inactivation of defined tumor suppressor genes in human 
cancers (9-12), In this last situation, promoter region hyper- 
methylation stands as an alternative to coding region muta- 
tions in eliminating tumor suppressor gene function (9, 10). 
Therefore, mapping of methylation patterns in CpG islands 
has become an important tool for understanding both normal 
and pathologic gene expression events. 

Mapping of methylated regions in DNA has relied primarily 
on Southern hybridization approaches, based on the inability 
of methylation-sensitive restriction enzymes to cleave se- 
quences that contain one or more methylated CpG sites. TTiis 
method provides an assessment of the overall methylation 
status of CpG islands, including some quantitative analysis 
(13), but requires large amounts of high molecular weight 
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DNA (generally 5 ptg or more), can detect methylation only if 
present in greater than a few percent of the alleles and can only 
provide information about those CpG sites found within 
sequences recognized by methylation-sensitive restriction en- 
zymes. A more sensitive method of methylation detection 
combines the use of methylation-sensitive enzymes and PCR 
(14). After digestion of DNA with the enzyme, PCR will 
amplify from primers flanking the restriction site only if DNA 
cleavage has been prevented by methylation (15, 16). Like 
Southern-based approaches, this method can only monitor 
CpG methylation in methylation-sensitive restriction sites. 
Moreover, the restriction of unmethylated DNA must be 
complete, since any uncleaved DNA will be amplified by PCR 
yielding a false positive result for methylation. This approach 
has been useful in studying samples where a high percentage 
of alleles of interest are methylated, such as the study of 
imprinted genes (5, 15, 16) and X chromosome-inactivated 
genes (14). However, difficulties in distinguishing between 
incomplete restriction and low numbers of methylated alleles 
make this approach unreliable for detection of tumor suppres- 
sor gene hypermethylation in small samples or in samples 
where methylated alleles represent a small fraction of the 
population. 

The chemical modification of cytosine to uracil by bisulfite 
treatment has provided another method for the study of DNA 
methylation that avoids the use of restriction enzymes (17). In 
this reaction, all cytosines are converted to uracil, but those 
that are methylated (5-methylcytosine) are resistant to this 
modification and remain as cytosine (18). This altered DNA 
can then be amplified and sequenced, providing detailed 
information within the amplified region of the methylation 
status of all CpG sites (17). However, this method is technically 
rather difficult and labor-intensive, and, without cloning of the 
amplified products, the technique is less sensitive than South- 
ern analysis, requiring ***25% of the alleles to be methylated for 
detection (19). 

We now report a novel PCR method, methylation-specific 
PCR (MSP), which is sensitive and specific for methylation of 
virtually any block of CpG sites in a CpG island. We designed 
primers to distinguish methylated from unmethylated DNA in 
bisulfite-modified DNA, taking advantage of the sequence 
differences resulting from bisulfite modification. Unmodified 
DNA or DNA incompletely reacted with bisulfite can also be 
distinguished, since marked sequence differences exist be- 
tween these DNAs. The frequency of CpG sites in CpG islands 
renders this technique uniquely useful and extremely sensitive 
for such regions. Herein, we detail the MSP procedure and 
show its use for detecting the aberrant methylation of four 
tumor suppressor genes in human neoplasia. 

MATERIALS AND METHODS 

DNA and Cell Lines. Genomic DNA was obtained from cell 
lines, primary tumors, and normal tissue as described (10-12). 



Abbreviations: MSP, methylation-specific PCR; VHL^ von Hippel- 
Lindau. 
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The renal carcinoma cell line was kindly provided by Michael 
Lerman (National Cancer Institute, Frederick, MD). 

Bisulfite Modincation. DNA (1 fig) in a volume of 50 /llI was 
denatured by NaOH (final concentration, 0.2 M) for 10 min at 
37*C. For samples with nanogram quantities of human DNA, 
1 fig of salmon sperm DNA (Sigma) was added as carrier 
before modification. Thirty microliters of 10 mM hydroqui- 
none (Sigma) and 520 fxl of 3 M sodium bisulfite (Sigma) at pH 
5, both freshly prepared, were added and mixed, and samples 
were incubated under mineral oil at SO^C for 16 hr. Modified 
DNA was purified using the Wizard DNA purification resin 
according to the manufacturer (Promega) and eluted into 50 
fi,l of water. Modification was completed by NaOH (final 
concentration, 0.3 M) treatment for 5 min at room tempera- 
ture, followed by ethanol precipitation. DNA was resuspended 
in water and used immediately or stored at -20°C. 

Genomic Sequencing. Genomic sequencing of bisulfite- 
modified DNA (17) was accomplished using the solid-phase 
DNA sequencing approach (19). Bisulfite modified DNA (100 
ng) was amplified with pl6 gene-specific primers 5'- 
TTTTTAGAGGATTTGAGGGATAGG (sense) and 5'- 
CTACCTAATTCCAATTCCCCTACA (anti-sense). PGR 
conditions were as follows: 96**C for 3 min and 80'*C for 3 min, 
after which 1 unit of Tag polymerase (BRL) was added; then 
35 cycles of 96''C for 20 sec, Se^C for 20 sec, 72°C for 90 sec; 
and finally 5 min at 72*'C. The PGR mixture contained Ix 
buffer (BRL) with 1.5 mM MgClz, 20 pmol of each primer, and 
0.2 mM dNTPs. To obtain products for sequencing, a second 
round of PGR was performed with 5 pmol of nested primers. 
In this reaction, the sense primer. 5^- GTTTTCCCAGTCAC- 
GAC AGTATTAGGAGGAAGAAAGAGGAG. contains 
M13-40 sequence (underlined) introduced as a site to initiate 
sequencing, and the anti-sense primer 5'-TCCAATTC- 
CCCTACAAACTTC is biotinylated to facilitate purification 
of the product before sequencing. PGR was performed as 
above, for 32 cycles with 2.5 mM MgCb. AH primers for 
genomic sequencing were designed to avoid any CpGs in the 
sequence. Biotinylated PGR products were purified using 
streptavidin-coated magnetic beads (Dynal, Oslo), and se- 
quencing reactions were performed with Sequenase and 
Ml 3-40 sequencing primer under conditions specified by the 
manufacturer (United States Biochemical). 

PGR Amplirication. Primer pairs described in Table 1 
(20-24) were purchased from Life Technologies. The PGR 
mixture contained Ix PGR buffer (16.6 mM ammonium 
sulfate/67 mM Tris, pH 8.8/6.7 mM MgCh/lO mM 2-mer- 

Table 1. PCR primers used for MSP 



captoethanol), dNTPs (each at 1.25 mM), primers (300 ng each 
per reaction), and bisulfite-modified DNA ('^SO ng) or un- 
modified DNA (50-100 ng) in a final volume of 50 fil. PCR 
specific for unmodified DNA also included 5% dimethyl 
sulfoxide. Reactions were hot-started at 95'*C for 5 min before 
the addition of 1.25 units of Taq polymerase (BRL). Ampli- 
fication was carried out in a Hybaid OmniGene temperature 
cycler for 35 cycles (30 sec at 95**C, 30 sec at the annealing 
temperature listed in Table 1, and 30 sec at 72X), followed by 
a final 4-min extension at 72**G. Controls without DNA were 
performed for each set of PCRs. Each PCR (10 jllI) was directly 
loaded onto nondenaturing 6-8% polyacryl amide gels, stained 
with ethidium bromide, and directly visualized under UV 
illumination. 

Restriction Analysis. Of the 50 jllI of PCR mbrture, 10 /xl was 
digested with 10 units of BstVl (New England Biolabs) for 4 
hr, according to conditions specified by the manufacturer. 
Restriction digests were ethanol precipitated before gel analysis. 

RESULTS 

Validating the Design Strategy for MSP: Genomic Sequenc- 
ing otpl6. An initial study was required to validate whether our 
strategy for MSP would prove feasible for assessing the 
methylation status of CpG islands. We needed to determine 
whether the density of methylation, in key regions to be tested, 
was great enough to facilitate our primer design. We chose to 
test this for the pl6 tumor suppressor gene in which we (10, 25) 
and others (26, 27) have documented that hypermethylation of 
a 5' CpG island is associated with complete loss of gene 
expression in many cancer types. However, other than for CpG 
sites located in recognition sequences for methylation- 
sensitive enzymes, the density of methylation and its correla- 
tion to transcriptional silencing has not been established. We 
thus employed the genomic sequencing technique to explore 
this relationship. As has been found for other CpG islands 
examined in this manner (19, 28, 29), the CpG island otpl6 had 
no methylation at any CpG site in those cell lines and norma! 
tissues previously found to be unmethylated by Southern 
analysis (Fig. 1; refs. 10 and 25). However, it was extensively 
methylated in cancer cell lines shown to be methylated by 
Southern analysis (Fig. 1). In fact, all cytosines within CpG 
dinucleotides in this region were completely methylated in the 
cancers lacking pl6 transcription. This marked difference in 
sequence following bisulfite treatment suggested that our 
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temp., 


Genomic 


set 


Sense primer,* 5' — » 3' 


Antisense primer,* 5' — * 3' 


Size, bp 




position'^ 


pl6'V^ 


CAGAGGGTGGGGCGGACCGC 


CGGGCCGCGGCCGTGG 


140 


65 


+ 171 


pl6-U 


TTATTAGAGGGTGGGGCGGATCGC 


GACCCCGAACCGCGACCGTAA 


150 


65 


+ 167 


pJ6-V 


TTATTAGAGGGTGGGGTGGATTGT 


CAACCCCAAACCACAACCATAA 


151 


60 


+ 167 


pl6-U2 


TTATTAGAGGGTGGGGCGGATCGC 


CCACCTAAATCGACCTCCGACCG 


234 


65 


+ 167 


pl6-m 


TTATTAGAGGGTGGGGTGGATTGT 


CCACCTAAATCAACCTCCAACCA 


234 


60 


+ 167 


plS'V/ 


CGCACCCTGCGGCCAGA 


AGTGGCCGAGCGGCCGG 


137 


65 


+46 


pl5-M 


GCGTTCGTATTTTGCGGTT 


CGTACAATAACCGAACGACCGA 


148 


60 


+40 


pI5-V 


TGTGATGTGTTTCTATTTTXSTGGTT 


CCATACAATAACCAAACAACCAA 


154 


60 


+34 


VHL-M 


TGGAGGATTTTTTTGCGTACGC 


GAACCGAACGCCGCGAA 


158 


60 


-116 


VHL'V 


GTTGGAGGATTTTTTTGTGTATGT 


CCCAAACCAAACACCACAAA 


165 


60 


-118 


Ecad-M 


TTAGGTTAGAGGGTTATCGCGT 


TAACTAAAAATTCACCTACCGAC 


116 


57 


-205 


Ecad-V 


TAATTTTAGGTTAGAGGGTTATTGT 


CACAACCAATCAACAACACA 


97 


53 


-210 



*Sequence differences between modified primers and unmodified DNA are in boldface type and differences between methylated /modified and 
ummethylated/modified are underlined. 

tPrimeis were placed near the transcriptional start site. Genomic position is the location of the 5' nucleotide of the sense primer in relation to 
the major transcriptional start site defined in the following references and Genbank accession numbers: pl6 (most 3' site), X94154 (20); pi J, S75756 
(22); VHL, U19763 (23); and E-cadherin, L34545 (24). 

*W represents unmodified or wild-type primers. M, methylated-specific primers; and U, unmethylated -specific primers. 
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H157 H249 
GATC GATC 




Fig. 1. Genomic sequencing of pl6. The sequence shown has the 
most 5' region at the bottom of the gel, beginning at +175 in relation 
to a major transcriptional start site (20). All cytosines in the unmethy- 
lated cell line H249 have been converted to thymidine, while all Cs in 
CpG dinucleotides in the methylated cell H157 remain as C, indicating 
mcthylation. Designated by the bracket (]) is a BstVl site, which is at 
-59 in relation to the translational start site in GenBank sequence 
U 12818 (21), but which is incorrectly identified as CGAG in sequence 
X94154 (20). This CGCG site represents the 3' location of the sense 
primer used for pl6 MSP, 

strategy for specific amplification of either methylated or 
unmethylated alleles was feasible. 

Primer Design for MSP. Primers were designed to discrim- 
inate between methylated and unmethylated alleles following 
bisulfite treatment and to discriminate between DNA modified 
by bisulfite and that which had not been modified. To accom- 
plish this, primer sequences were chosen for regions contain- 
ing frequent cytosines (to distinguish unmodified from mod- 
ified DNA), and CpG pairs near the 3' end of the primers (to 
provide maximal discrimination in the PGR between methyl- 
ated and unmethylated DNA). Since the two strands of DNA 
are no longer complementary after bisulfite treatment, prini- 
ers can be designed for either modified strand. For conve- 
nience, we have designed primers for the sense strand. The 
fragment of DNA to be amplified was intentionally small, to 
allow the assessment of methylation patterns in a limited 
region and to facilitate the application of this technique to 
samples, such as paraffin blocks, where amplification of larger 
fragments is not possible. In Table 1, primer sequences are 
shown for all genes tested, emphasizing the differences in 
sequence between the three types of DNA that are exploited 
for the specificity of MSP. The multiple mismatches in these 
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primers, which are specific for these different types of DNA, 
suggest that each primer set should provide amplification only 
from the intended template. 

MSP Analysis otplS. We first tested the primers designed 
for pi 6 on DNA from cancer cell lines and normal tissues for 
which the methylation status had previously been defined by 
Southern analysis (10, 25). In all cases, the primer set used 
confirmed the methylation status determined by Southern 
analysis. For example, lung cancer cell lines U1752 and H157, 
as well as other cell lines with methylated pi 6 alleles, amplified 
only with the methylated primers (Fig. 2A). DNA from normal 
tissues (lymphocytes, lung, kidney, breast, and colon) and the 
lung cancer cell lines H209 and H249, having only unmethy- 
lated pl6 alleles, amplified only with unmethylated primers 
(examples in Fig. 2A). PGR with these primers could be 
performed with or without 5% dimethyl sulfoxide. DNA not 
treated with bisulfite (unmodified) failed to amplify with either 
set of methylated or unmethylated specific primers, but readily 
amplified with primers specific for the sequence before mod- 
ification (Fig. 2A). DNA from the cell line H157 after bisulfite 
treatment also produced a weak amplification with unmodified 
primers, suggesting an incomplete bisulfite reaction. We have 
occasionally observed this in other samples. However, this 
unmodified DNA, unlike partially restricted DNA in previous 
PGR assays relying on methylation-sensitive restriction en- 
zymes, is not recognized by the primers specific for modified 
DNA. It therefore does not provide a false positive result or 
interfere with the ability to distinguish methylated from un- 
methylated alleles. 

We next sought to define the sensitivity of MSP for detection 
of methylated pl6 alleles. DNA from cell lines with methylated 
pl6 alleles was mixed with DNA with unmethylated pl6 alleles 
before bisulfite treatment. We could consistently detect 0.1% 
of methylated DNA («=*50 pg) present in an otherwise un- 
methylated sample (Fig. 2B), We have also determined the 
sensitivity limit for the amount of input DNA. As little eis 1 ng 
of human DNA, mixed with salmon sperm DNA as a carrier, 
was detectable by MSP (data not shown). 

Fresh human tumor, samples often contain normal and 
tumor tissue, making the detection of changes specific for the 
tumor difficult. However, the sensitivity of MSP suggests it 
would be useful for primary tumors as well, allowing for 
detection of aberrantly methylated alleles even if they con- 
tribute relatively little to the overall DNA in a sample. In each 
case, while normal tissues (lymphocytes, lung, kidney, and 
colon) were unmethylated at the pl6 locus, tumors found to be 
methylated at the pl6 CpG island by Southern analysis also 
contained methylated. DNA detected by MSP, in addition to 
some unmethylated alleles (examples in Fig. 2B). Analysis of 
DNA from paraffin-embedded tumors revealed methylated 
and unmethylated alleles (example in Fig. 2J5), as shown for the 
same primary lung cancer in Fig. 2B. To confirm that these 
results were not unique to this primer set, we used a second 
downstream primer for pl6 that would amplify a slightly larger 
fragment (Table 1). This second set of primers reproduced the 
results described above (Fig. 2C), confirming the methylation 
status defined by Southern blot analysis. 

To verify further the specificity of the primers for the 
methylated alleles and to check specific cytosines for methyl- 
ation within the region amplified, we took advantage of the 
differences in sequence at a methylation-sensitive restriction 
site between methylated/modified DNA and unmethylated/ 
modified DNA. Specifically, the BstVl recognition site, 
CGCG, will remain CGCG if both Cs are methylated after 
bisulfite treatment and ajnpUfication but will become TGTG 
if unmethylated. Digestion of the amplified products with 
BstVl will then distinguish these two products, as restriction of 
pi 6 amplified products illustrates. Only immodified products 
and methylated /modified products, both of which retain the 
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F!G. 2. MSP of p26. Primer sets used for amplification are designated as unmethylated (U), methylated (M), or unmodified/wild-type (W). 
Molecular weight marker pBR322-Mspl digest. {A) Amplification of bisulfite-treated DNA from cancer cell lines and normal lymphocytes, and 
untreated DNA (from cell line H249). (B) Mixing of various amounts of H157 DNA with 1 fig of H249 DNA before bisulfite treatment to assess 
the detection sensitivity of MSP for methylated alleles. Modified DNA from a primary lung cancer sample, normal lung, and the paraffin-embedded 
(fixed) tissue block of this primary lung cancer are also shown. (C) Amplification with the pl6-U2 (U) primers, and pl6-M2 (M) described in Table 
1. (D) The amplified p26 products of C were restricted with Bj/UI ( + ) or were not restricted (-). (E) Testing for regional methylation of CpG 
islands with MSP, using sense primers pl6-U2 (U) and pl6-M2 (M), which are methyl ation-specific, and an antisense primer that is not 
methylation-specific. 



CGCG site, are cleaved by BstVl. Products amplified with 
unmethylated/ modified primers failed to be cleaved (Fig. 2D). 

The primer sets discussed above were designed to discrim- 
inate heavily methylated CpG islands from unmethylated 
alleles. To do this, both the upper (sense) and lower (antisense) 
primers contained CpG sites that could produce methylation- 
dependent sequence differences after bisulfite treatment. MSP 
might be employed to examine more regional aspects of CpG 
island methylation. To examine this, we tested whether methyl- 
ation-dependent differences in the sequence of just one primer 
would still allow the discrimination between unmethylated and 
methylated pl6 alleles. The antisense primer used for genomic 
sequencing, 5'-CTACCTAATTCCAATTCCCCTACA, was 
used as the antisense primer, which contains no CpG sites, and 
was paired with either a methylated or unmethylated sense 
primer (Table 1). Amplification of the predicted 313-bp PCR 
product only occurred with the unmethylated sense primer in 
H209 and H249 (unmethylated by Southern) and only with the 
methylated sense primer in H157 and U1752 (methylated by 
Southern), indicating that methylation of CpG sites within a 
defined region can be recognized by specific primers and distin- 
guish between methylated and unmethylated alleles (Fig. 2E). 

The Use of MSP for the Analysis of Other Genes. We 
extended our study to include three other genes transcription- 
ally silenced in human cancers by aberrant hypermethylation 
of 5' CpG islands. The cyclin-dependent kinase inhibitor p/5 
is aberrantly methylated in many leukemic cell lines and 
primary leukemias (11). For p75, MSP again verified the 
methylation status determined by Southern analysis. Thus, 
normal lymphocjrtes and cancer cell lines SW48 and U1752, 
containing only unmethylated alleles of pl5 alleles by Southern 
analysis (11), amplified only with the unmethylated set of 
primers, while the lung cancer ceil line HI 618 and leukemia 
cell line KGIA amplified only with the methylated set of 
primers (Fig. 3A), consistent with previous Southern analysis 



results (11). DNA from the cell line Raji produced a strong 
PCR product with methylated primers and a weaker band with 
unmethylated primers. This was the same result for methyl- 
ation obtained previously by Southern analysis (11). Noncul- 
tured leukemia samples, like the primary tumors studied for 
pi 6, had amplification with the methylated primer set as well 
as the unmethylated set. This heterogeneity also matched 
Southern analysis (11). Again, as torpid, differential modifi- 
cation of B^fUI restriction sites in the amplified product of pi 5 
was used to verify the specific amplification by MSP (Fig. 3B). 
Amplified products using methylated primer sets from cell 
lines H1618 and Raji or unmodified primer sets, were com- 
pletely cleaved by BstXJl, while amplified products from the 
unmethylated primer set did not cleave. The smaller sizes of 
products observed in the unmodified product reflect the 11-bp 
difference in size of the original PCR product. Primary acute 
myelogenous leukemia samples also demonstrated cleavage 
only in the methylated product but had less complete cleavage. 
This suggests a heterogeneity in methylation, where methyl- 
ation is extensive in the region underlying the methylation- 
specific primers, allowing amplification by MSP but is not 
inclusive of all CpG sites between the primers for each allele. 

Aberrant CpG island promoter region methylation is asso- 
ciated with inactivation of the von Hippel-Lindau (VHL) 
tumor suppressor gene in «-20% of clear cell rena! carcinomas 
(9). This event, like mutations for VHL (30), is restricted to 
clear cell renal cancers (9). Primers designed for the VHL 
sequence were used to stui^ DNA from the renal cell cancer 
cell line RFX393, which is methylated at VHL by Southern 
analysis (data not shown), and DNA from the lung cancer cell 
line U1752, which is unmethylated at this locus (9). In each 
case, the methylation status of VHL determined by MSP 
confirmed that found by Southern analysis (Fig. 3C), and 
BstVl restriction site analysis validated the PCR product 
specificity (Fig. 3D). 
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Fig. 3. MSP analysis of several genes. Primer sets used for amplification are designated as unmethylated (U), methylated (M), or 
unmodified/wild-type (W). *, Molecular weight marker pBR322-A/jp/ digest; and **, 123-bp molecular weight marker, All DNA samples were 
bisulfite-treated except those designated untreated. (A) MSP for pl5. (B) The pl5 products were restricted with BstVl (4-) or were not restricted 
(-). (C) MSP for VHL, (D) The VHL products were restricted with BstVl (+) or were not restricted (-). The smaller molecular weight fragments 
seen in the U lanes represent primer dimers, which are present in lanes without template DNA and can be faintly seen in C. (E) MSP for E-cadherin. 



The expression of the invasion/metastasis suppressor gene, 
E-cadherin^ is often silenced by aberrant raethylation of the 5' 
promoter in breast, prostate, and many other carcinomas (12, 
31). We designed primers for the E-cadherin promoter region 
to test the use of MSP for this gene. In each case, MSP analysis 
paralleled Southern blot analysis for the methylation status of 
the gene (12). DNA from breast cancer cell lines MDA-MB- 
231, HS578t, and prostate cancer cell hnes DuPro, and 
TSUPrI, all heavily methylated by Southern blot, displayed 
prominent methylation. DNA from MCF7, T47D, PC-3, and 
LNCaP, all unmethylated by Southern, showed no evidence for 
methylation in the sensitive MSP assay (Fig. 3£). MSP analysis 
revealed the presence of unmethylated alleles in Hs578t, 
TSUPrI, and DuPro, consistent with a low percentage of un- 
methylated alleles in these cell lines previously detected by 
Southern analysis (12). BstXJl restriction analysis again confirmed 
the specificity of the PGR amplification (data not shown). 

DISCUSSION 

We have described a novel PCR approach, MSP, for rapid 
analysis of the methylation status of CpG islands. As illus- 
trated, this technique provides significant advantages over 
previous PCR-based techniques and other methods used for 
assaying methylation. MSP is markedly more sensitive than 
Southern analysis, facilitating detection of low numbers of 
methylated alleles and the study of DNA from small samples. 
MSP allows the study of paraffin-embedded materials, which 



could not previously be analyzed by Southern analysis. MSP 
also allows examination of all CpG sites, not just those within 
sequences recognized by methylation-sensitive restriction en- 
zymes. This markedly increases the number of such sites that 
can be assessed and will allow rapid, fine mapping of methyl- 
ation patterns throughout CpG-rich regions. This latter point 
was demonstrated for pl6, where the discrimination between 
methylated and unmethylated alleles could be attributed to 
differences in methylation in an 8-bp region. MSP also elim- 
inates the frequent false positive results due to partial digestion 
of methylation-sensitive enzymes inherent in previous PCR 
methods for detecting methylation. Furthermore, with MSP, 
simultaneous detection of unmethylated and methylated prod- 
ucts in a single sample confirms the integrity of DNA as a 
template for PCR and allows a semiquantitative assessment of 
allele types that approximates the quantitation determined by 
Southern analysis. Finally, the ability to validate the amplified 
product by differential restriction patterns is an additional 
advantage. 

The only technique that can provide more direct analysis 
than MSP for most CpG sites within a defined region is 
genomic sequencing. However, MSP can provide similar in- 
formation and has the following advantages. First, MSP is 
much simpler and requires less time than genomic sequencing, 
with a typical PCR and gel analysis taking 4-6 hr. In contrast, 
for genomic sequencing, amplification, cloning, and subse- 
quent sequencing may take days. Second, MSP avoids the use 
of expensive sequencing reagents and the use of radioactivity. 
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Both of these factors make MSP better suited for the analysis 
of large numbers of samples. Third, the use of PGR as the step 
to distinguish methylated from unmethylated DNA in MSP 
allows for a significant increase in the sensitivity of methylation 
detection. For example, if cloning is not used before genomic 
sequencing of the DNA, <IQ% methylated DNA in a back- 
ground of unmethylated DNA cannot be seen (19). The use of 
PGR and cloning does allow sensitive detection of methylation 
patterns in very small amounts of DNA by genomic sequencing 
(17, 32). However, in practice, this would require sequencing 
analysis of 10 clones to detect 10% methylation, 100 clones to 
detect 1% methylation, and, to reach the level of sensitivity we 
have demonstrated with MSP (1:1000), one would have to 
sequence 1000 individual clones. 

In summary, MSP is a simple, sensitive, and specific method 
for determining the methylation status of virtually any GpG- 
rich region. In addition to detecting aberrant CpG island 
methylation of tumor suppressor genes, MSP will be useful for 
monitoring CpG islands important in other biological pro- 
cesses. For example, MSP should facilitate monitoring patterns 
of methylation in imprinted genes at key stages of embryo- 
genesis. Assays used to define clonality of cell populations, as 
assessed by detecting methylation patterns of X chromosome- 
inactivated genes in female cells, should be readily adaptable 
to the MSP approach. Finally, MSP should prove extraordi- 
narily valuable clinically for the detection of methylation 
patterns in small DNA samples associated with disease states 
such as the fragile X syndrome, altered gene imprint states, and 
cancer. 
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